, Kenneth H. Williams 5 & Jillian F. Banfield 2, 5, 6 A prominent feature of the bacterial domain is a radiation of major lineages that are defined as candidate phyla because they lack isolated representatives. Bacteria from these phyla occur in diverse environments 1 and are thought to mediate carbon and hydrogen cycles 2 . Genomic analyses of a few representatives suggested that metabolic limitations have prevented their cultivation [2] [3] [4] [5] [6] . Here we reconstructed 8 complete and 789 draft genomes from bacteria representing .35 phyla and documented features that consistently distinguish these organisms from other bacteria. We infer that this group, which may comprise .15% of the bacterial domain, has shared evolutionary history, and describe it as the candidate phyla radiation (CPR). All CPR genomes are small and most lack numerous biosynthetic pathways. Owing to divergent 16S ribosomal RNA (rRNA) gene sequences, 50-100% of organisms sampled from specific phyla would evade detection in typical cultivationindependent surveys. CPR organisms often have self-splicing introns and proteins encoded within their rRNA genes, a feature rarely reported in bacteria. Furthermore, they have unusual ribosome compositions. All are missing a ribosomal protein often absent in symbionts, and specific lineages are missing ribosomal proteins and biogenesis factors considered universal in bacteria. This implies different ribosome structures and biogenesis mechanisms, and underlines unusual biology across a large part of the bacterial domain.
We sampled microbial communities from an aquifer adjacent to the Colorado River near the town of Rifle, Colorado, USA in 2011. Groundwater was filtered through a 1.2 mm pre-filter and cells were collected on serial 0.2 and 0.1 mm filters (Extended Data Fig. 1 ). Post-0.2 mm filtrates were targeted because CPR bacteria were predicted to have ultra-small cells on the basis of their small genomes 2 . Groundwater was sampled before and during an acetate amendment experiment that reproduced conditions that generated the first genomes from CPR bacteria 2, 4, 7, 8 (Supplementary Table 1 ). Total DNA and RNA were extracted from filters and sequenced. We obtained 224 gigabase pairs (Gb) of paired-end metagenomic sequence from 12 samples (150 bp reads, 6 time points, 0.2 and 0.1 mm filters; Supplementary Table 2 ). Sequence assembly generated 3.9 Gb of contiguous sequences $5 kb. We also obtained 181 Gb of metatranscriptomic sequence from six samples (50 bp reads, 0.2 mm filters).
Assembled scaffolds were binned into genomes on the basis of their GC content, DNA sequence coverage, abundance pattern across samples, and taxonomic affiliation (binning was validated with a tetranucleotide sequence signature method; Extended Data Fig. 2 ). Overall, we reconstructed .1,750 genome bins from microbial community sequence data. Here, we focus on genomes from CPR bacteria and TM6, which represented .60% of bins. Included in our analyses of the CPR are members of the Parcubacteria (OD1), Microgenomates (OP11), WWE3, Berkelbacteria (ACD58), Saccharibacteria (TM7), WS6, Peregrinibacteria (PER), and Kazan phyla, in addition to previously unrecognized lineages (CPR1-3; Fig. 1 ). In total, 789 draft-quality ($50% complete) genomes were reconstructed (Table 1) . We manually curated eight genomes to completion: the first three from Microgenomates, two from Parcubacteria, one each from Kazan and Berkelbacteria, and an additional genome from Saccharibacteria. All complete and draft genomes are small and most are ,1 Mb in length (Supplementary Tables 3 and 4 ).
In total, 1,543 bacterial 16S rRNA genes $800 bp were assembled and curated to eliminate assembly errors (713 sequences clustered at 97% identity; Supplementary Data 1). Relative abundance measurements show enrichment of CPR organisms in small-cell filtrates, suggesting that they have ultra-small cells (Extended Data Fig. 3 ). This finding is supported by a recent microscopy study 8 . Surprisingly, 31% of 16S rRNA genes encoded a large ($10 bp) insertion sequence (maximum 2,004 bp; mean 519 bp; standard deviation (s.d.) 372 bp; Supplementary Table 5 ). Insertions are found in phylogenetically diverse members of CPR phyla ( Fig. 1, Supplementary Fig. 1 and Supplementary Data 2). Insertion sites are clustered in several distinct locations on the 16S rRNA gene, both in variable and conserved regions (Fig. 2) . Most insertions $500 bp encode a catalytic RNA intron (group I or II) and/or an open reading frame (ORF), suggesting that they are self-splicing. Encoded proteins frequently belong to families of homing endonucleases (LAGLIDAG 1-3 and GIY-YIG). However, 25% are not similar to known protein families or to each other. These may represent novel endonucleases or may no longer be functional, since loss of function is common in homing endonucleases 9 . Four members of the Thiotrichaceae family are the only bacteria known to have self-splicing introns within their 16S rRNA genes 10 . An extensive search for insertions in genes from our study and the Silva database 11 suggests their rarity in bacteria outside the CPR (Extended Data Fig. 4 and Supplementary Table 6) . Especially rare are insertions encoding predicted self-splicing introns and/or ORFs. However, these genes need not be functional if the genome encodes additional, insertion-free copies. Importantly, all complete CPR genomes have only one copy of the 16S rRNA gene (this study and others 3, 6 ). Sequencing coverage analysis of draft genomes further indicates that a single copy is typical for these lineages (Extended Data Fig. 5 and Supplementary Table 7 ).
Mapping metatranscriptomic sequences to assembled 16S rRNA genes showed that insertions are not retained in transcribed RNAs and are probably rapidly degraded (Supplementary Table 8 ). However, it is possible that spliced sequences are rendered inaccessible to sequencing after hybridizing, circularizing, or, in some cases, due to their small size. Regardless of their fate, splicing establishes these insertions as introns. Self-splicing is expected if insertions encode a catalytic RNA intron; however, splicing could also occur via an RNase-IIImediated mechanism 12 CPR bacteria frequently encode introns in 23S rRNA genes with features similar to those in 16S rRNA genes (Extended Data Fig. 6 , Supplementary Tables 5, 8 and Supplementary Data 3) . However, these introns and encoded proteins share little sequence similarity with one another (Supplementary Table 9 ). It remains a puzzle why introns in critical, highly transcribed rRNA genes do not make these organisms uncompetitive, as their transcription is costly, even though formation of nonfunctional ribosomes is avoided by splicing.
Insertions in rRNA genes are found in Coxiella and Rickettsialeslineage endosymbionts 13, 14 . Interestingly, one member of the Parcubacteria, 'Candidatus Sonnebornia yantaiensis', is intracellular 15 , but does not contain an insertion in its 16S rRNA gene (Fig. 1) . However, there is no evidence that an intercellular lifestyle is typical across CPR lineages, although a strong dependence on other community members is likely 3, 4 . Metagenomic analyses are polymerase chain reaction (PCR)-independent and, therefore, not biased by primers designed on the basis of expectations of sequence conservation. As a consequence, our sampling indicated that many CPR organisms would evade detection by 16S rRNA gene amplicon surveys. Primer binding analysis showed that primers extensively used in microbial surveys (515F and 806R 16 ) would probably not bind to 16S rRNA genes of ,50% of Microgenomates, ,50% of Saccharibacteria, 60% of WWE3, and 100% of WS6 sequences sampled here (Extended Data Fig. 7 ). In fact, these primers would probably miss ,20% of all bacteria detected in this study, including organisms outside the CPR. Furthermore, introns in these genes would interfere with amplification, both because they occur in regions targeted by primers and because they increase the length of the target sequence. In addition to being excluded during size-selection of amplicons, intron-containing genes are less likely to amplify compared with shorter, intron-free genes 10 . Thus, several barriers have prevented identification of many CPR bacteria.
Removal of introns from 16S rRNA gene sequences, followed by structural alignment 17 , was critical to establishing a reliable phylogeny. The new phylogenetic analysis shows that the CPR is monophyletic (Fig. 1) , a result also evident in concatenated ribosomal protein Fig. 1 Insertions identified in assembled, unique bacterial 16S rRNA genes occur in conserved and variable (V; red bars) regions (Supplementary 
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trees ( Supplementary Fig. 1 ), and seen in previous analyses [2] [3] [4] [5] 11, 18 . Phylogenetic analysis defined 35 phyla within the CPR (see later), which encompasses a proposed superphylum, 'Patescibacteria', previously suggested to include just three phyla 5 . The existence of ,1,500 bacterial phyla was recently suggested 19 using a 75% 16S rRNA gene sequence identity threshold. This contrasts with the current view, which includes 29 established phyla and ,60 candidate phyla. Using this recent definition 19 , we estimate that the CPR consists of .250 phyla ( Fig. 1 and Supplementary Fig. 1 ). With the addition of .550 Mb of CPR genome sequence, there is sufficient sampling to clearly resolve 14 phyla within the Parcubacteria and 11 phyla within the Microgenomates, which have sufficient sequence divergence to account for .120 and .60 phyla, respectively. We propose that these 25 phyla be recognized because (1) complete and/or draft genomes are available, (2) they are monophyletic lineages in both 16S rRNA gene and concatenated ribosomal protein trees, and (3) they pass an approximate 75% 16S rRNA gene sequence identity threshold. Importantly, regardless of whether previous phyla designations or new criteria 19 are used, the CPR comprises .15% of domain Bacteria.
A striking finding from analysis of complete and draft genomes (see statistical assessment in Methods) is unusual ribosome composition in CPR bacteria. All CPR and TM6 bacteria lack ribosomal protein L30 (rpL30; 20 , this protein is commonly present except in some symbionts, parasites, Cyanobacteria, and throughout the PlanctomycetesVerrucomicrobia-Chlamydiae (PVC) superphylum [21] [22] [23] . coloured by the colours of the rainbow from the amino to the carboxy terminus) and predicted structure for a catalytic RNA intron (3: coloured by base-pairing probability; red is high, green is moderate, and blue is low). Protein Data Bank structures were used as templates for structural modelling (1: accession 1R7M; 2: 1B24; 4: 1B24). RESEARCH LETTER assembly 24 and maintaining translation fidelity 25 , yet culture-based studies suggest it does not contribute to fitness 20 . Of the three complete Microgenomates genomes, one encodes rpL9. This rpL9 sequence is phylogenetically related to Parcubacteria sequences ( Supplementary  Fig. 1 ), suggesting acquisition by lateral gene transfer.
Ribosomal protein L1 (rpL1) is absent from a group within the Parcubacteria that potentially includes .90 phyla. We refer to this group as OD1-L1 (Fig. 1) . No other organisms are known to lack rpL1, a large protein that forms a prominent feature of the large subunit 26 . This ribosome initiator protein 24 controls its own expression 27 , and loss of rpL1 results in severe growth defects 20 . Absence of rpL1 in this diverse clade suggests alternative mechanisms of ribosome regulation, possibly involving an analogous protein and/or an alternative ribosome structure.
The ribosomal protein biogenesis factor GTPase Der is missing from almost all organisms lacking either rpL9 or rpL1 (Extended Data Fig. 8 ). Der is essential for ribosome production and is conserved throughout bacteria 28 . Thus, in addition to having unusual ribosome composition, many CPR bacteria probably employ alternative ribosome assembly methods. Although some CPR bacteria have both atypical ribosomes and rRNA introns, these features are not directly linked and thus are not compensatory.
Typically, bacteria within a phylum have widely varying genome sizes and metabolic capacities. In contrast, organisms throughout the CPR have consistently small genomes and similar metabolic limitations. Specifically, all have incomplete tricarboxylic acid cycles and lack electron transport chain complexes, including terminal oxidases and reductases; some lack ATP synthase (Extended Data Fig. 8 ). With the notable exception of the Peregrinibacteria, most have incomplete nucleotide and amino acid biosynthesis pathways. CPR bacteria are probably obligate fermenters dependent on other organisms for survival, although they could support respiring organisms by excreting fermentation end products. Overall, these characteristics, in addition to unusual ribosomes, a high frequency of rRNA introns and a distinct phylogeny, establish the CPR as a subdivision within domain Bacteria.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Groundwater sampling and geochemical measurements. We studied groundwater microbial communities from an aquifer adjacent to the Colorado River near Rifle, Colorado, USA at the Rifle Integrated Field Research Challenge (IFRC) site. Aquifer well CD-01 (39u 319 44.690 N, 107u 469 19.710 W; 1,617.5 m above mean sea level) was observed from 23 August to 22 December, 2011, during which a 79-day acetate amendment experiment was conducted (Extended Data Fig. 1 and see refs 7, 8) . This well had been subjected to an acetate stimulation experiment during the previous year 29, 30 . Acetate (15 mM target concentration within the aquifer) was administered to the alluvial aquifer through a series of injection wells, and microbial biomass was sampled from groundwater pumped from a down gradient monitoring well. Approximately 100 l of groundwater was sampled from a depth of 5 m below ground surface through a 1.2 mm pre-filter, and cells were collected on serial 0.2 and 0.1 mm filters (Supor disc filters; Pall Corporation), with the specific objective of enriching for organisms with small cell sizes. Filters were immediately frozen after collection in a dry ice and ethanol bath. See Supplementary Table 1 for sampling dates and the amount of groundwater filtered over the course of the experiment.
Geochemical measurements were made on samples collected 5 m below ground surface (Supplementary Table 1 ). The Hach phenanthroline assay and sulphide reagent kits were used to measure ferrous iron and sulfide concentrations, respectively. Acetate and sulfate concentrations were measured by ion chromatography, as previously described 30 . Briefly, acetate and sulfate concentrations were measured with a Dionex ICS-2100 fitted with an AS-18 guard and analytical column. Metagenome and metatranscriptome sequencing. Six time points spanning a range of geochemical conditions were chosen for metagenomic and metatranscriptomic analysis (Extended Data Fig. 1 and Supplementary Table 1) . DNA was extracted from ,1.5 g of each frozen filter using the PowerSoil DNA Isolation Kit (MO-BIO Labs) with the following modifications: DNA was concentrated by sodium acetate/ethanol precipitation with glycogen, and DNA was eluted in 50 ml Tris buffer. DNA library preparation and sequencing was conducted at the Joint Genome Institute. Total DNA was sequenced on an Illumina HiSeq, producing 150 bp paired reads with a targeted insert size of 500 bp. Sequence data were processed using version 1.8 of the Illumina CASAVA pipeline, and all reads were trimmed based on quality scores using Sickle (https://github.-com/najoshi/sickle; default parameters; Supplementary Table 2) .
RNA was extracted from the 0.2 mm filters using the Invitrogen TRIzol reagent, followed by genomic DNA removal and cleaning using the Qiagen RNase-Free DNase Set kit and the Qiagen Mini RNeasy kit. An Agilent 2100 Bioanalyzer (Agilent Technologies) was used to assess the integrity of the RNA samples. The Applied Biosystems SOLiD Total RNA-Seq kit was used to generate the cDNA template library. The SOLiD EZ Bead system (Life Technologies) was used to perform emulsion clonal bead amplification to generate bead templates for SOLiD platform sequencing. Samples were sequenced at Pacific Northwest National Laboratory on the 5500XL SOLiD platform. The 50 bp single reads were trimmed using Sickle (default parameters; Supplementary Table 2) . Metagenome assembly, annotation and genome binning. Total community DNA was assembled individually for each sample using IDBA_UD 31 with default parameters (Supplementary Table 2 ). 16S and 23S rRNA gene sequences were identified from all assembled sequences and curated using an automated method (see later). Scaffold coverage was calculated by mapping reads back to the assembly using Bowtie2 (ref. 32) with default parameters for paired reads. All scaffolds $5 kb were included when binning genomes from the metagenome assembly. These scaffolds were annotated by first predicting ORFs using the metagenome implementation of Prodigal 33 , and then using USEARCH (-ublast; http://drive5. com/usearch/) 34 , and an in-house database composed of ORFs predicted from genomes of candidate phyla organisms. The in-house database includes previously published genomes 2-4,38,39 and genomes from ongoing work. Scaffolds were binned on the basis of their GC content, DNA sequence coverage, abundance pattern across samples and taxonomic affiliation, both automatically with the ABAWACA algorithm (see later) and manually using ggKbase (http://ggkbase.berkeley.edu/). Bins generated by ABAWACA were manually inspected within ggKbase. Reported here are genomes binned for organisms associated with the CPR (Fig. 1 and Supplementary  Table 3 ) and TM6 (a phylum of organisms with similar characteristics).
To test the accuracy of this binning method, 20 draft-quality genomes were randomly selected from a sample with a high proportion of CPR genomes (GWA2). These genomes were fragmented and then re-clustered on the basis of tetranucleotide signatures using an emergent self-organizing map (ESOM), as previously described 40 . Tetranucleotide frequencies were calculated for 5-10 kb scaffold fragments. The number of occurrences of each tetranucleotide in each fragment was normalized on the basis of the total number of times the tetranucleotide was observed across all fragments, and then these values were log-transformed, standardized so they would follow a normal distribution, and then scaled from 0-1. Normalized tetranucleotide values for each fragment were standardized so that they would also follow a normal distribution. The resulting matrix was used to train an ESOM for 100 epochs using esom_train.pl (https:// github.com/micronorman/bantools) (downloaded October 2014). The ESOM was visualized using the Databionic ESOM Tools software 62 (http://databionicesom.sourceforge.net/). Colouring fragments (data points) in the ESOM on the basis of the genome each fragment originated from enabled validation of these genome bins (Extended Data Fig. 2) . ABAWACA genome binning. ABAWACA was used to generate preliminary genome bins for each sample. This algorithm assesses different characteristics of assembled scaffolds to bin them into genomes. Here, we used a combination of mono-, di-and tri-nucleotide frequencies and coverage values calculated by mapping DNA sequences from all samples to the scaffolds from the sample being binned. This algorithm uses the given information in a hierarchical clustering fashion as follows. First, all scaffolds are broken into 5 kb segments called data points, and the properties of each data point are computed. The binning process begins with a single bin that contains all scaffolds and proceeds by iteratively splitting this and subsequent bins. All non-final bins are evaluated during each iteration. The algorithm searches for a single value for one of the characteristics that will result in the best separation of the scaffolds into two bins. Separation quality is calculated based on the number of data points that were assigned correctly given the separation of the scaffolds. Once a split has been made, scaffolds are separated into the bin with the majority of the data points representing the scaffold. Bins are approved if the quality score exceeds a predefined threshold, and both bins consist of at least 50 data points. A bin is considered final if no separation can be made; otherwise, it undergoes further rounds of binning. Genome assessment and finishing. Genome bins were associated with CPR lineages on the basis of phylogenetic analysis of 16S rRNA genes and/or ribosomal proteins (see later). When these phylogenetic markers were not present for a particular genome bin, taxonomic placement was achieved based on a consensus of the taxonomic assignments given to ORFs on the basis of their similarity to ORFs from CPR representatives in the candidate phyla database described earlier.
Genome completeness was assessed using a modified version of a previously reported list of universal single copy genes (SCGs) for bacteria 41 (Supplementary Table 3 ). Several SCGs were not included as they were found to be unsuitable for the CPR, either because these genes were too divergent in CPR genomes to be reliably detected, or because members of the CPR do not encode these genes. For example, the genes for ribosomal proteins L1 and L9 are not encoded in the genomes of many CPR organisms (see main text). SCGs were identified based on a reciprocal best BLAST 42 hit procedure using a database of SCG protein sequences from a representative set of genomes. First, SCG proteins from the database were searched against all protein sequences in a given genome to identity SCG candidates (blastall -p blastp -F F -e 1e-2). Then, these candidate proteins were searched against the SCG protein sequence database to confirm the assignment (blastall -p blastp -F F -e 1e-5 -b 1 -v 1). SCGs were considered to be present if they were identified by the reciprocal hit method, and the best alignment with a database sequence covered $50% of the protein sequence.
To be included in this study as a draft genome, a bin must have contained at least 50% of these SCGs with fewer than 1.125 copies of the genes (indicating that the bin does not contain appreciable contamination from other genomes). To make consistent comparisons with previously sequenced genomes from the CPR, all available genomes were re-assessed using these methods (Supplementary Table 4) 43-45 . Several high-quality genome bins were selected for manual curation and genome finishing. Binned scaffolds were connected with one another by extending scaffolds and searching for overlaps. Scaffold extension was achieved by assembling reads mapped to the ends of scaffolds. Assembly errors were detected by manually inspecting the read mapping for these genomes. Genomes were only considered to be complete if they were circular, did not contain gaps, and were, based on complete visual inspection of mapped reads, free of assembly errors. Assembly errors can be identified as regions that do not have read support (that is, reads may map but with mismatches, or regions may not be supported by paired reads). These regions can be manually corrected. Genomes were also checked for the presence of 'orphaned pairs', which could indicate alternative assembly paths. The complete genome for GWB1_sub10_OD1-complete was obtained by first assembling 1/10 of the sequence data for sample GWB1, binning scaffolds on the basis of GC content, coverage and taxonomic affiliation, and then genome finishing as described earlier.
Identification of rRNA genes and insertions. 16S and 23S rRNA gene sequences were identified based on hidden Markov model (HMM) searches using the cmsearch program from the Infernal package 46 (cmsearch -hmmonly -acc -noali -T -1). Importantly, all identified gene sequences were curated to remove assembly errors before any analysis was conducted (see later). To identify 16S rRNA gene sequences, all assembled contigs were searched against the manually RESEARCH LETTER curated structural alignment of the 16S rRNA provided with SSU-Align 17 . Since the SSU-Align 16S rRNA gene covariance model did not include sequences with insertions, large gaps in the alignment between each sequence and the model revealed the boundaries of insertions. Because no equivalent model existed for the 23S rRNA gene, we built a sequence-only model from the manually curated seed alignment maintained by the Comparative RNA Web 47 (Supplementary Data 3). While this model did not contain secondary structure information, it was appropriate for identifying 23S rRNA genes, and the boundaries of insertion sequences, from sequence-based HMM alignments, as was done for 16S rRNA genes. To identify the location of rRNA gene insertions with respect to wellstudied Escherichia coli sequences, all bacterial rRNA gene sequences found to encode insertions were aligned against models consisting of only the respective rRNA from E. coli strain K12 substrain DH10B (Fig. 2, Extended Data Fig. 6 and Supplementary Table 5) .
Similarity of rRNA insertions to previously studied structural RNA families (for example, group I and group II catalytic RNAs) was determined by searching full rRNA sequences against Rfam 48 using cmscan (also from Infernal; Supplementary Table 5 ). Regions of the rRNA with significant alignments to a structural RNA family (passed model inclusion threshold) were considered as positive hits if at least 25% of the alignment overlapped with an insertion. These rRNA structural families were of particular interest for determining whether or not insertions encode catalytic RNAs potentially capable of self-splicing from containing RNA sequences ( Fig. 2 and Extended Data Fig. 6 ). RNA secondary structure was predicted for selected intervening sequences using the Andronescu 2007 model 49 implemented in Geneious v. 7.1.5 (ref. 50) (Fig. 3 ). ORFs encoded within rRNA insertion sequences were identified by first predicting ORFs across full rRNA genes, and then selecting ORFs encoded within insertion regions. To exclude false ORF predictions, at least 90% of the ORF had to overlap with an insertion. Insertion-encoded ORFs were searched against Pfam 51 to associate encoded proteins with known families (Fig. 2, Extended Data Fig. 6 and Supplementary Table 5 ). In some cases, Phyre2 (ref. 52) was used to model protein sequences and provide further support for identified homing endonucleases (Fig. 3) . Insertions and ORFs identified within 16S and 23S rRNA genes were compared with one another using BLAST (Supplementary Table 9 ). To assess the prevalence and types of intervening sequences previously sampled in 16S rRNA genes from bacteria, version 115 of non-redundant SILVA 11 was analysed using the same methods (Extended Data Fig. 4 and Supplementary Table 6 ). Importantly, all insertions $10 bp were removed before multiple sequence alignment and phylogenetic analysis of 16S rRNA gene sequences. Bacterial community composition based on assembled 16S rRNA genes. The composition of the bacterial community was determined on the basis of assembled and curated 16S rRNA gene sequences. Each sequence was given a taxonomic assignment based on the phylogenetic analysis described later. Coverage of all assembled 16S rRNA gene sequences was determined for each sample by stringently mapping reads using Bowtie2 (no mismatches allowed). For each sample, the coverage of all sequences belonging to each lineage of interest was summed, and then converted to a percent relative abundance to observe the composition of each filtrate and shifts in the community across the time series (Extended Data Fig. 3) . 16S rRNA gene copy number. 16S rRNA gene copy number was estimated for all complete and draft genomes based on two assessments. First, the number of assembled 16S rRNA gene sequences was determined. Second, coverage of 16S rRNA gene regions was compared with the coverage of the rest of the genome to determine relative copy number. Relative copy number was calculated because of the likeliness of assembling only one 16S rRNA gene for organisms with multiple, identical copies of the gene. Owing to the conserved nature of the 16S rRNA gene, it is common for these regions to have inflated coverage values based on default mapping parameters due to inaccurate assignment of reads to sequences from other organisms. To avoid this, both genome and 16S rRNA gene coverage values were calculated based on reads that mapped with zero mismatches. Relative copy number was calculated as: (16S rRNA gene coverage)/(genome coverage). Copy number for each genome was determined by whichever value was greatest, the number of assembled genes or relative copy number (Extended Data Fig. 5 and Supplementary Table 7) . Only ten CPR genomes were found to encode more than one copy of the 16S rRNA gene; however, since these genes were not similar to one another, it is more likely that these rare cases were binning errors. rRNA gene transcript analysis. To determine the fate of rRNA insertion sequences, RNA transcript sequences recovered from 0.2 mm filters were stringently mapped to assembled, curated rRNA genes. To prevent short reads from erroneously matching to either rRNA genes or insertions, zero mismatches were allowed between reads and assemblies. Coverage was calculated separately for 16S rRNA gene and predicted insertion regions, and then the values were compared with one another (Supplementary Table 8 ). Most insertions were found to have zero coverage. However, in some cases very low coverage of insertion regions was found. In almost all cases these low coverage values were the result of a small portion of the insertion region being covered by RNA sequence, probably the result of a small difference between predicted and actual insertion regions, but possibly the result of partial recovery of spliced insertion sequences. 16S rRNA gene primer binding analysis. The level of sequence divergence of the 16S rRNA genes assembled here from metagenome data, compared with sequences from existing databases, suggests that they would elude PCR-based analysis. We assessed the binding affinity of commonly used 16S rRNA gene survey primers 515F and 806R 16, 53 . Assembled 16S rRNA gene sequences were clustered at 97% sequence identity using USEARCH (-cluster_smallmem -query_cov 0.50 -target_cov 0.50 -id 0.97) to remove redundant sequences from the analysis. Because some of the sequences are not complete, only those spanning the 515-806 region of the E. coli 16S rRNA gene were included. Primer binding was assessed with PrimerProspector 54 using default parameters (Extended Data Fig. 7 ). Phylogenetic analysis. Phylogenetic analysis was carried out using several different marker sequences in order to best survey the diversity within the groundwater microbial community, and to robustly assign taxonomy to complete and draft genomes. Markers included the 16S rRNA gene, ribosomal proteins encoded by a syntenic block of genes, and ribosomal protein S3 (rpS3). The syntenic block encodes the genes for ribosomal proteins L2, 3, 4, 5, 6, 14, 15, 16, 18, 22, 24 and S3, 8, 10, 17, 19, hereafter referred to as rp16. In the rp16 analysis, individual protein sequence alignments were concatenated for phylogenetic inference. Unlike in previous metagenomic studies, near-complete 16S rRNA gene sequences were assembled commonly enough to be able to infer phylogeny for many community members. However, rp16 was also used for phylogenetic analysis because (1) it is encoded in genomes as a syntenic block and is found in only one copy, and thus can be used as a proxy for a particular genotype independent of binning, (2) it encodes ribosomal proteins that provide a robust phylogenetic signal, and (3) it is assembled more frequently from metagenome sequence data compared with the 16S rRNA gene 38 . rpS3 was also independently used as a phylogenetic marker because of its strong phylogenetic signal, despite having a relatively short protein sequence. In cases where a genome did not contain any of these markers (Supplementary Table 3 ), taxonomic assignment was made based on whole genome comparisons to the database of reference genomes described earlier. In all cases, metagenome assembly was necessary for providing a robust phylogenetic analysis.
After removing insertions $10 bp from 16S rRNA gene sequences from this and previous studies, sequences were aligned with SSU-Align. SSU-Align classifies sequences as bacteria, archaea or eukarya, and then generates separate alignments for sequences from each domain. The resulting Stockholm-formatted bacterial multiple sequence alignment was converted to FASTA, and all alignment insert columns were removed. This resulted in a 1,582 bp alignment. All sequences with $800 bp of aligned sequence were used for phylogenetic analysis. Several archaeal reference sequences were chosen for the phylogenetic root, aligned to the bacterial 16S rRNA gene model provided with SSU-Align, and concatenated with the bacterial multiple sequence alignment. A maximum-likelihood phylogeny was inferred using RAxML 55 with the GTRCAT model of evolution and 100 bootstrap re-samplings (Supplementary Fig. 1 and Supplementary Data 2) . A subset of the tree was annotated using GraPhlAn (http://huttenhower.sph.harvard.edu/graphlan) (Fig. 1) . rp16 ORFs were identified by searching all ORFs encoded on scaffolds $5 kb against databases of each of these ribosomal proteins. Searches were carried out with USEARCH (-ublast). Syntenic groups of ORFs were selected if at least three of the ribosomal proteins in rp16 could be identified with an E-value #1 3 10
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. This allowed for identification of all instances of each ribosomal protein in rp16 encoded within assembled scaffolds. For each ribosomal protein, all identified protein sequences along with reference sequences were aligned to their respective Pfam HMM profile using hmmalign from the HMMER 3.0 package 56 . Protein sequence alignments were converted from Stockholm format to FASTA, alignment insert columns were removed, and the 16 protein alignments concatenated. This resulted in a 1,935 amino acid alignment. All sequences with $1,000 aligned residues were kept for phylogenetic analysis. Because of the size of the multiple sequence alignment, phylogenetic analysis was carried out in two steps. First, FastTree2 (ref. 57) was used to infer the phylogeny of the entire sequence set using the Jones-Taylor-Thornton model of amino acid evolution (JTT) and by assuming a single rate of evolution for each site, the 'CAT' approximation (additional options: -spr 4 -mlacc 2 -slownni). Then, sequences associated with the CPR and TM6 were selected, along with representatives of the Archaea and Chloroflexi, to infer a maximum-likelihood phylogeny using RAxML with the LG 1 alpha 1 gamma model of evolution and 100 bootstrap re-samplings (see ref. 38 for choice of evolutionary model). Archaea were included as a root for the tree, and Chloroflexi as a root for the CPR. Notably, the CPR is evident as a monophyletic LETTER RESEARCH group in both of these analyses, and in the 16S rRNA gene phylogeny ( Fig. 1 and  Supplementary Fig. 1 ).
Phylogenies were inferred from individual protein sequences for rpS3 and ribosomal protein L9 (rpL9). All rpS3 protein sequences were identified from metagenome ORFs by searching protein annotation descriptions. The same was done for rpL9, except only sequences associated with CPR genome bins were included. Erroneously annotated sequences were excluded based on the alignment score inclusion threshold for their respective Pfam HMM profiles (aligned using hmmalign), followed by manual removal of non-rpS3 or rpL9 sequences. Sequences were combined with reference sequences and aligned. rpS3 sequences were aligned to Pfam HMM profile PF00189 using the same procedure as was described for the rp16 protein sequences (see earlier). rpL9 was aligned using MUSCLE 58 . All sequences with $50 aligned amino acid residues were used for phylogenetic analysis using RAxML with 100 bootstrap re-samplings and an evolutionary model chosen using ProtTest 59 ( Supplementary Fig. 1 ). The ProtTest 2.4 server 59 was run on the Pfam seed alignment for rpS3 and on a random subset of the rpL9 alignment, indicating that the LG 1 gamma, and the LG 1 gamma (with fixed base frequencies) evolutionary models should be used for rpS3 and rpL9, respectively.
All phylogenetic trees were visualized using Dendroscope 60 . Identification of novel phyla. The number of phyla within the CPR, Parcubacteria (OD1), and Microgenomates (OP11) was estimated by counting 16S rRNA gene sequence clusters created based on a 75% sequence identity threshold. After removing insertions $10 bp, sequences were clustered using USEARCH (-cluster_smallmem -query_cov 0.50 -target_cov 0.50 -id 0.75). This threshold and method for estimating the number of phyla were proposed previously 19 . These authors proposed that phyla could be identified as monophyletic lineages composed of members distinguished by approximately this level of sequence divergence. We classified new phyla based on this and additional, strict criteria. Clusters of 16S rRNA genes that share $75% sequence identity were used to assess the divergence and coherence of deep branches of the phylogenetic tree ( Supplementary Fig. 1 ). Bootstrap support values were often higher for lineages primarily composed of one or few clusters, validating the use of this threshold. Lineages were proposed as phyla if (1) they formed a monophyletic group in the 16S rRNA gene phylogeny, (2) 16S rRNA genes were approximately 25% divergent from other lineages, (3) they were also supported by the rp16 concatenated ribosomal protein phylogeny, and (4) representative complete and/or draft genomes were available. Names for these phyla were proposed based on the names of lifetime achievement award recipients in microbiology (Fig. 1 , Extended Data Table 1 and Supplementary Fig. 1 ). Genomes were associated with these phyla using the 16S rRNA gene and/or rp16 phylogenies (Supplementary Table 3 ). Sequence curation. Assembled 16S rRNA genes, 23S rRNA genes, and scaffold regions encoding rp16 genes were curated to identify and fix assembly errors before assessment of insertions in rRNA genes and/or phylogenetic analysis. For curation, these genes were extracted along with 2 kb of sequence from each side. Assembly errors, typically short regions of misassembled sequence associated with scaffolding contigs with one another, were identified as regions with zero coverage by stringently mapped paired-end reads. Only one mismatch per read was permitted and only paired reads were included in the analysis. Regions with 13 coverage were only allowed if at least 3 bp on either side of the read overlapped with other reads, with zero mismatches in the overlap region. When an assembly error was detected, read pairs mapped (Bowtie2) to a 1 kb region surrounding the error were collected and reassembled using Velvet 61 . Reads were collected for reassembly as long as at least one read in the pair mapped with two or fewer mismatches. Velvet was run by iterating from kmer 21 to 71, increasing by 10 in each iteration. Reassembled fragments were then merged with the original assembly based on overlap of $10 bp. All assembly modifications were verified with a subsequent round of error detection. If an error could not be corrected, the original scaffold was split at the position of the error. In addition to error correction, reads mapped to the ends of scaffolds were reassembled and used to extend scaffolds, or the ends of broken scaffolds, when possible. After curation, genes of interest were re-identified on curated scaffolds using the methods described earlier (Supplementary Data 1) . On average, 1.5 assembly errors were corrected for each scaffold region containing a 16S rRNA gene. Ribosomal protein inventory and metabolic potential of CPR genomes. Metabolic potential of CPR genomes was assessed using ggKbase. In ggKbase, lists related to different proteins or metabolic pathways were generated by searching for specific keywords in gene annotations. Here, lists were created to assess ribosomal protein composition and metabolic potential across the CPR (Extended Data  Fig. 8 ). Genomes were compared with one another by creating ggKbase genome summaries based on a selection of these lists. This allowed for the simultaneous assessment and comparison of the 8 complete and 789 draft-quality genomes assembled here.
To compare genomes on the basis of both their phylogenetic associations and metabolic capacity, and to get the clearest picture of the metabolic potential of the CPR, an additional analysis was conducted with only complete and near-complete genomes ($75% of single copy genes and #1.125 copies, including an assembled 16S rRNA gene). Since similar genotypes were assembled independently from different samples, this set of complete and near-complete genomes was de-replicated by choosing a representative genome for all flat branches on the 16S rRNA gene tree ( Supplementary Fig. 1 ). The genome summary was then ordered based on the 16S rRNA gene phylogeny, a step that was critical for identifying lineages missing specific ribosomal proteins (Extended Data Fig. 8 ). To find ribosomal proteins that may have evaded detection due to sequence divergence, six-frame translations (bacterial translation table 11) of all complete and draft CPR genomes were searched against Pfam ribosomal protein HMM profiles using hmmscan; however, this confirmed the initial finding of missing ribosomal proteins in organisms from CPR lineages (Supplementary Table 10 ).
Although complete genomes are invaluable for metabolic analyses, this extensive inventory of draft-quality genomes from organisms representing diverse lineages, and assembled from different samples, enabled confident assessment of gene absence. For example, there are no reported complete WS6 genomes, but the 16 reconstructed draft-quality genomes from this study (median estimated completeness of 91%) showed that this lineage is missing rpL9. The probability of the gene being present, but missing in all 16 genome reconstructions, is (1 2 0.91) 16 , that is, ,2 3 10
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. Even if we lower the completion requirement to a very conservative value of 35% complete, 16 such genomes would yield a confidence value of 0.001 for the gene being absent. For lineages where we have hundreds of genomes the probability of missing the gene due to chance is effectively zero. Code availability. ABAWACA is maintained under https://github.com/CK7/ abawaca (version 1.00 used in this analysis: https://github.com/CK7/abawaca/ releases/tag/v1.00) and the script used for curating scaffolds, re_assemble_error-s.py, is maintained under https://github.com/christophertbrown/fix_assembly_ errors (version 1.00 used in this analysis: https://github.com/christophertbrown/ fix_assembly_errors/releases/tag/1.00). Table 7 ), but it was later determined that these estimates were skewed by the presence of a highly abundant closely related strain. The complete WWE3 genome assembled previously 3 has an identical 16S rRNA gene and confirms that it is found in only one copy for this genotype. Thus, we removed these estimates from subsequent copy number analysis. b, Density plot comparing estimated copy number of genomes for organisms found within and outside the CPR, where the longer tail for non-CPR genomes depicts the propensity for multiple 16S rRNA copies, a trait absent from the CPR. Table 5 ). These insertions share many features with those identified in 16S rRNA gene sequences from CPR bacteria. Taxonomy was determined by inclusion in a genome with an established phylogeny. 806R to bind to recovered groundwater-associated 16S rRNA gene sequences. a, b, PrimerProspector was used to assess the ability of primers 515F and 806R to bind a non-redundant set of assembled near-complete 16S rRNA gene sequences (clustered at 97% sequence identity). The percentage of sequences that would be amplified by these primers is shown on the left axis, the total number of sequences analysed is on the top of each bar, and the number of sequences these primers would not bind to is indicated by the shading. Many assembled groundwater-associated 16S rRNA gene sequences would evade amplification by PCR primers 515F and 806R. Results of the analysis are shown at the domain (a) and superphylum or phylum (b) levels. 3  11  10  3  7  6  1  2  3  5  3  1  3  3  2   2  4  8  4  3  3  6  3  3  5  12  4  3  1  1  4  2  1  8  4  13  9  8  2  6  12  5  5  3  2  3  2  2  7  6  5  3  4  6  7  3  6  3  5  3  2  4  2  2  1  1  3  2  1  6  2  1  3  1  2  2  5  4   1  4  1  1  5  2  6  2  3  3  1  3  2  4  2  3 1  1  2  2  2  3  2  1   2  1  2  5  3  5  3  2  2  2  1  3  2  1  2  2  2  3  4  2  3  2  3  1 1  1  1  1  1  2  2  2  2  3  2  1  1  1  1  1  1  2  1  1  1   1  1  1  1  2  3  1  2  3  2   3  2  1  1  1  1  1  3  2  1  2  2  2  2  2  2   2  1  2  3  1  1  1  1  2  1  1  2  1  2  1  1   2  2  1  2  2  3  3  1  1  2  2  2  2  2  1  2  2  2  1 
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